Cell patterning is typically accomplished by selectively depositing proteins for cell adhesion only on patterned regions; however in tissues, cells are also influenced by mechanical stimuli, which can also result in patterned arrangements of cells. We developed a mechanically-patterned hydrogel to observe and compare it to extracellular matrix (ECM) ligand patterns to determine how to best regulate and improve cell type-specific behaviors. Ligand-based patterning on hydrogels was not robust over prolonged culture, but cells on mechanically-patterned hydrogels differentially sorted based on stiffness preference: myocytes and adipose-derived stem cells (ASCs) underwent stiffness-mediated migration, i.e. durotaxis, and remained on myogenic hydrogel regions. Myocytes developed aligned striations and fused on myogenic stripes of the mechanically-patterned hydrogel. ASCs aligned and underwent myogenesis, but their fusion rate increased, as did the number of cells fusing into a myotube as a result of their alignment. Conversely, neuronal cells did not exhibit durotaxis and could be seen on soft regions of the hydrogel for prolonged culture time. These results suggest that mechanically-patterned hydrogels could provide a platform to create tissue engineered, innervated micro-muscles of neural and muscle phenotypes juxtaposed next to each other in order better recreate a muscle niche.
Introduction
Regulation of stem cell fate has traditionally relied on presenting small molecules such as growth factors and cytokines in developmentally appropriate ways [1, 2] , but such a view omits other important niche characteristics. Biomaterials have recently been used to reproducibly control stem cell differentiation by directly mimicking the niche of the injured or diseased tissues [3e5]; niche mimicry to drive differentiation includes intrinsic extracellular matrix (ECM) cues such as composition [6] and elastic modulus, E, i.e. "stiffness" (measured in kiloPascals, kPa) [7] . A reductionist approach has been used to appreciate the control that each of these properties has on fate, but more recently, properties have been examined in combination. Often cues do not appear additive [8] or at least their combination may be context specific: some ligands support stiffness-induced differentiation whereas others do not [9] . These cues are also rarely static and often presented in spatial or temporal gradients. Stem cells can respond to surprisingly shallow ligand [10] and stiffness gradients [11] , emphasizing the need for appropriate spatial control of ECM properties.
Spatial control has often been performed via cell patterning by selectively depositing ECM proteins to allow cell adhesion only on protein-patterned regions, e.g. microcontact printing (mCP) [12] . mCP has been used to control cell area and shape, which can regulate cell membrane tension and ultimately stem cell fate [13, 14] . It can also encourage end-to-end fusion and striation assembly in myoblasts on substrates of myogenic stiffness [15] .
However, mCP fidelity relies on maintaining the integrity of the non-fouling region; proteins in serum-containing media, which are often required for stem cells, may deposit over time on soft substrates and decrease pattern fidelity [16] . On the other hand, stiffness alone has been used to show that mesenchymal stem cells become myogenic [17] , and specifically for mesenchymal stem cells originating from adipose tissue, i.e. adipose-derived stem cells (ASCs), 2% of cells can even fuse into binucleated myotubes that have lost lineage plasticity [7] . To mechanically regulate where cells reside on a substrate, sequential or photoactivated hydrogel polymerization [18] or photocleavable hydrogels post-polymerization [19] have been used, but these methods have not been applied to study how spatially-controlled stiffness can regulate stem cell fate. In tissues, cell position and fate may be the result of stiffness sorting or other mechanisms [20] with the net result being layers of juxtaposed cell layers with different stiffness [21] . In skeletal muscle specifically, cells reside in an aligned ECM comprised of regions with muscle-like stiffness, w 10 kPa [15, 17, 22] , juxtaposed with regions where softer neurons innervate the firm muscle [23] . Thus, a mechanically patterned substrate with alternating neural and muscle stiffness may be a more physiologically appropriate environment in which to study stem cell myogenesis and encourage cell alignment and end-to-end fusion.
There is also mounting biological evidence that aligning stem cells may promote a more terminally differentiated muscle phenotype. On compliant matrix, cell tractions can propagate over some distance [24] and preferentially align myoblasts over hundreds of microns [15] . Cellecell adhesion proteins, including M-and N-cadherin, aid cell end-to-end association; functionblocking antibodies for these proteins reduce myoblast fusion [25, 26] . Their expression is also regulated by RhoA [26] , implying that spatially regulating cell attachment and alignment could direct expression of these fusion markers and promote fusion by directing traction forces versus unpatterned matrix. With these data in mind, we designed mechanically patterned hydrogels with stripes of alternating stiffness, as well as mCP substrates with the same pattern dimensions. These substrates were used to assess the degree to which different cell types, e.g. neurons, muscle cells, and stem cells, adhered to and sorted on patterned matrices. Stem cell myogenesis was also examined in detail to determine if alignment improved fusion due to a change in fusion-supportive cadherin expression.
Materials and methods

Photolithography and fabrication of mechanically-patterned hydrogels
Mechanically-patterned hydrogel photomasks and molds were created using photolithography. To briefly outline the process illustrated in Fig. 1A left, photoresist polymer SU-8 2015 (Microchem) was spin-coated onto a silicone wafer generating w27 mm thin film. Photomask with alternating black and clear stripes (Zebra pattern) of 100 mm width was placed on top of the photoresist film to selectively polymerize regions of the film, and the wafer was exposed to UV light.
The exposed regions remained as a positive feature (w27 mm in height) after it was developed in a buffer, which washed away non-polymerized photoresist from the wafer.
Mechanically-patterned hydrogel fabrication consisted of a two-step polyacrylamide (PA) hydrogel polymerization process illustrated in Fig. 1A right. Acrylamide was polymerized on aminosilanized, 25 mm diameter coverslips (functionalized coverslip) according to the method modified from previously established protocol [27] . Briefly, a gel solution containing the crosslinker N,N 0 methylene-bis-acrylamide, acrylamide, 1/100 volume of 10% Ammunium Persulfate and 1/1000 volume of N,N,N 0 ,N 0 -Tetramethylethylenediamine was mixed. 20 ml of the polymerizing hydrogel solution was sandwiched between the aminosilanized coverslip and a dichlorodimethylsilane (DCDMS)-treated silicone mold made in Fig. 1A left to ensure easy detachment. Initial acrylamide/bis-acrylamide solutions were 4%/0.4% and 4.8%/0.4% for neuro-/myogenic and myo-/osteogenic mechanically-patterned hydrogel, respectively. After 15 min to allow for polymerization, the hydrogel was detached from the mold, and 15 ml of a second hydrogel solution was added on top of the polymerized hydrogel, covered by a DCDMS-treated coverslip, and polymerized again for 15 min. Input acrylamide/ bis-acrylamide solutions for the second layer were 3.2%/0.4% for neuro-/ myogenic and 6%/0.4% for myo-/osteogenic mechanically-patterned hydrogel, respectively. After detaching the composite hydrogel from the DCDMS-treated coverslip, mechanically-patterned hydrogel was kept in phosphate-buffered saline (PBS). 10 mg/ml fibronectin [28] or 100 mg/ml type I collagen [29] was chemically crosslinked using a photoactivating crosslinker, Sulfo-SANPAH (Pierce), as indicated. Alternatively, other concentrations of monomer and crosslinker concentrations for the initial and second layers were used, but only when specifically indicated.
Microcontact printed (mCP) hydrogel
To compare mechanical and protein-based matrix patterns, microcontact printing was used to create alternating protein pattern on static 10 kPa gels. PDMS stamps were made from a degased mixture of 10:1 elastomer base to curing agent mixture of Sylgard 184 (Dow Corning) that was poured onto the patterned hydrogel silicon wafers described above and baked for 1 h at 60 C on a hotplate. Following release from the wafer, the stamps were incubated with a thin film of a 100 mg/ml human plasma fibronectin solution sandwiched between a coverslip and the stamp for 20 min. Meanwhile, 10 kPa polyacrylamide gels prepared as described above were incubated in a solution of 1 mg/ml Sulfo-SANPAH in 50 mM HEPES pH 8.5 and placed for 10 min under a 4 mW/cm 2 350 nm UV source. Following three washes in 50 mM HEPES pH 8.5, the gels were placed on a hotplate set to 60 C until all remaining solvent had evaporated. PDMS stamps were brought in direct contact with the gels for 10 min and a small weight was placed on top of the stamp to ensure good contact between the PDMS microprinting tool and the PA substrate. Hydrogels were peeled from the stamps using tweezers and the resulting substrates immediately immersed in 50 mM HEPES pH 8.5 overnight at 37 C.
Mechanical force spectroscopy mapping by atomic force microscopy
Matrix stiffness was confirmed by atomic force microscopy (AFM; MFP3D, Asylum Research) as detailed previously [27, 30] . Briefly, a pyramidal probe, 0.02 N/ m spring constant with a 35 half angle (TR400PB, Olympus), was used to indent a substrate every 25 mm in triplicate over two repeats of the low/high acrylamidebased pattern stripes. Probe indentation velocity was fixed at 2 mm/s with the trigger force of 2 nN. Force spectroscopy was performed over a regular array of spatial coordinates in order to map substrate stiffness over a defined region using the AFM scanning stage (scan size limit of 90 mm Â 90 mm); mapping down to 20 nm resolution with this technique is possible as previously shown [31] . Elastic modulus maps were determined by the Hertz cone model with a sample Poisson ratio of 0.5 fit over a range of 10%e90% indentation force [30] . Surface height and roughness are also simultaneously computed based on when probe deflection occurs as it indents the material. Topographical images were modified using a flattening function to eliminate overall slope from imperfect sample mounting. AFM software (Igor pro 6.22) was applied to generate the force maps, analyze height data, and perform 3D rendering. When applicable, three adjacent maps were assembled together to cover at least two stripes of the alternating pattern.
Cell isolation and culture
Human ASCs were isolated from freshly aspirated human subcutaneous adipose tissue (donor age between 26 and 31 years) according to the method described previously [32] with approval of UCSD human research protections program (Project #101878). Liposuction samples (300 ml) were washed extensively with equal volumes of phosphate-buffered saline (PBS), and then incubated at 37 C for 45e60 min in 0.1% type I collagenase (Worthington Biochemical). Enzyme activity was neutralized with Dulbecco's modified Eagle's medium (DMEM)-low glucose (Invitrogen), containing 10% fetal bovine serum (FBS; Thermo Scientific) and 1% antibiotic/antimyocotic (Invitrogen). Cells were centrifuged at 1200 rpm for 10 min to remove adipocytes. The pellet was resuspended in 0.16 M NH 4 Cl and incubated at room temperature for 5 min to lyse red blood cells. Cells were collected by centrifugation at 1200 rpm for 5 min, filtered through a 100 mm cell strainer (BD Falcon) to remove fissile debris, and incubated overnight on tissue culture plastic in complete medium at 37 C and 5% CO 2 . Plates were then washed extensively with PBS to remove residual non-adherent cells. To reduce donor-to-donor variation, cells from three different donors were pooled. ASCs were used at low passage numbers between 4 and 8. Morphology was assessed and analyzed using ImageJ software (NIH).
C2C12 skeletal myoblasts (ATCC) were cultured in high glucose DMEM (Invitrogen), 10% FBS and 1% antibiotic/antimyocotic unless cell fusion was induced in which case serum concentration was reduced to 2%. PC12 cells (ATCC) were cultured in cultured in high glucose DMEM, 10% FBS and 1% antibiotic/antimyocotic.
Chicken embryonic hearts and heart cells were obtained by isolation at 240 h post fertilization. Animals received humane care in compliance with University of California, San Diego's Institutional Animal Care and Use Committee (protocol #S09200). As detailed elsewhere [33] , hearts were obtained by dissection and digested for cell isolation. Isolated hearts were minced using sterile razor blades, washed in PBS and collected with 10 ml of 0.05% trypsin-EDTA (Invitrogen) and incubated in a sterile humidified incubator at 37 C and 5% CO 2 for 15 min. In order to remove red blood cells, the tube was inverted and tissue was allowed to settle prior to a change of solution to 10 ml of fresh trypsin. After 15 min incubation, the sample was centrifuged and the pellet was carefully triturated with normal heart medium containing aMEM (Invitrogen), 10% FBS, and 1% antibiotic/antimycotic. The cell solution was passed through a 70 mm cell strainer and pre-plated on a sterile tissue culture dish for 1 h at 37 C and 5% CO 2 in order to remove fibroblasts from the solution. The unattached cells were collected, counted, and plated at a density of 10 6 cells/cm 2 . Media changes were performed every 2 days. was measured for neurogenic-myogenic (blue) and myogenic-osteogenic (red) mechanically-patterned hydrogels (n ! 6) fabricated using the indicated polyacrylamide concentrations for top and bottom hydrogels (top). Light and dark gray regions in the bottom schematic represent soft and stiff regions, respectively. (C) Matrix stiffness, height, and surface roughness of mechanically-patterned hydrogels were visualized with three adjacent 90 mm Â 90 mm force maps. Matrix stiffness of adjacent soft and stiff strips was overlaid with surface height in a 3D reconstruction of the surface features (top). 2D height topography is shown individually (middle). Values for stiffness and roughness are shown for stiff and soft stripes as well as the interface. Overall height difference was also computed and shown. Light and dark gray regions in the schematics represent soft (1 kPa) and stiff (10 kPa) regions, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Immunocytochemistry, fusion, and function blocking assays
Cells were fixed with 3.7% formaldehyde at room temperature for 15 min. Samples were treated with PBS containing 1% Triton X-100 for 15 min and washed with a washing solution of PBS containing 1 mM MgCl 2 . The primary antibodies listed below with their indicated dilutions in a staining solution containing 2% bovine serum albumin were then added to samples: a-actinin (1:500; Sigma), MyoD (1:100; Santa Cruz), skeletal myosin (1:100; Sigma), b tubulin (1:100; Developmental Studies Hybridoma Bank), Ki67 (1:100; eBioscience), and Desmin (1:100; Sigma). Antibodies were incubated with samples for 30 min at 37 C. After washing three times with the washing solution, samples were incubated with Alexa fluor 488-or 568-conjugated secondary antibody (1:400; Invitrogen) for 30 min at 37 C. After washing three times with washing solution, rhodamine-phalloidin (1:1000; Invitrogen) stained F-actin for 30 min at 37 C if needed and nuclei were stained by Hoechst 33342 (1:1000; Invitrogen) for 2 min. All samples were examined by a CARV II confocal microscope (BD Biosciences) mounted on a Nikon Eclipse TE2000-U microscope with a motorized, programmable stage using a Cool-Snap HQ camera controlled by Metamorph 7.6 software.
Alternatively, the rabbit polyclonal GC-4 antibody (Sigma) was used to block the function as well as stain N-cadherin depending on whether it was applied chronically to cultures every 48 h at 40 ml or during normal staining procedures. For chronic treatment, cell fusion was assessed as described below. ASCs' myotube fusion was confirmed by continuous cytoskeletal structure by staining for b-tubulin and proliferation marker Ki67 to identify and exclude proliferating cells with two nuclei as described previously [7] . To quantify myotube formation frequency, more than 500 nuclei were observed from four independent sample mechanicallypatterned hydrogels. Only multi-nucleated cells with continuous cytoskeleton but lack of Ki67 were considered as myotubes. Fusion rate was expressed as the total number of fusion events divided by the total number of nuclei. ASC fusion rate on mechanically-patterned hydrogels was compared to the fusion rate on static 10 kPa hydrogels [7] as well as protein patterned ASCs.
Statistical analysis
All data are expressed as mean AE standard deviation of experiments from at least four independent repeats. Statistical analysis was performed using student ttest on Graphpad Prism software. P-values < 0.05 were considered to indicate statistical significance.
Results
Mechanically-patterned hydrogel fabrication and characterization
Two different acrylamide concentrations were sequentially polymerized with the first hydrogel polymerized in a micromold and the subsequent one layered on top of the first (see Fig. 1A ). This method created a spatially varying stiffness profile of 100 mmewide stripes in hydrogels; 1 and 10 kPa stripes were produced to make a neurogenic-myogenic mechanically-patterned hydrogel using a small 3.2e4% variation in acrylamide concentration with relatively high 0.4% crosslinking bis-acrylamide (Fig. 1B, blue) . Stripes approximately of 10 and 34 kPa were made for a myogenicosteogenic mechanically-patterned hydrogel (Fig. 1B, red) using a 4.8e6% variation in acrylamide concentration. However, layering hydrogels of different concentration could introduce differential swelling. To assess substrate height across a neurogenic-myogenic mechanically-patterned hydrogel, both height and stiffness were measured simultaneously by AFM force mapping. Over a 270 mm Â 90 mm map, the maximum height range was less than 2 mm, spanning both a soft (dark red) and stiff stripe (Fig. 1C, top; yellow). Mapping indicated that the height difference was most pronounced in a small interfacial region between stripes, but this did not create any appreciable change in surface roughness in this zone or any other, regardless of the stiffness of the pattern (Fig. 1C,   bottom ). Soft and stiff regions were 80 mm-wide with a 40 mm-wide interface, effectively creating a step gradient in stiffness, since the gradient is 2 orders of magnitude higher than physiological [11] . Compared to controlling hydrogel stiffness by manipulating crosslinker density [34, 35] , strategies like the one used here, which employ varying bulk monomer concentration to modulate stiffness in the presence of a high crosslinker concentration minimize PA hydrogel swelling [36] . Using a lower crosslinker concentration, e.g. 0.1%, resulted in greater differential swelling between layers and created height differences ranging between 8 and 10 mm for 4% and 10% acrylamide layers, respectively, as assessed by AFM force mapping. Larger height differences may induce significant topographical signaling, so only high crosslinker mechanicallypatterned hydrogel were investigated further.
To ensure that mechanically-patterned hydrogel stiffness differences did not preclude uniform protein attachment and cell adhesion, both human plasma-derived fibronectin and type I collagen were coated onto the substrates and C2C12 myoblasts were allowed to adhere. No differences in cell adhesion, spreading, or morphology were observed after 48 h in culture (Supplemental Fig. 1 ). Stripe pattern was also manipulated to ensure that pattern recognition was independent of pattern geometry. C2C12 myoblasts as well as adipose-derived stem cells were allowed to adhere to mechanically-patterned hydrogels containing 100 mm stiff (10 kPa) and 500 mm soft (1 kPa) stripes or 500 mm stiff (10 kPa) and 100 mm soft (1 kPa) stripes. Both ASCs and C2C12 cells were able to detect the stiffness gradient at the stripe interface and undergo directed migration, i.e. durotaxis [37] , toward the stiffer stripes even when cells were up to 250 mm away from the interface (Supplemental Fig. 2 ). As cells can only sense stiffness and strain differences over tens of microns [15] , this phenomenon is likely not due to sensing the interface from such a distance [24] but is rather due to random migration toward the interface prior to the onset of durotaxis.
Cell adhesion and migration based on mechanical pattern
To assess if the cell clustering on stiffer regions of the substrate observed above was due to preferential adhesion or durotactic migration, C2C12 myoblasts were monitored by time-lapse video microscopy for 24 h after initial seeding. Cells settled uniformly and attached to the mechanically-patterned hydrogel, but after 1 h, cell spreading occurred preferentially on the stiffer regions, and by 6 h, cells began to undergo durotaxis toward stiffer regions (Supplemental Movie 1). Given the variety of contractile cell types that undergo durotaxis, ASCs and cardiomyocytes were also monitored for preferential adhesion and pattern recognition; all three cell types were observed after 48 h to preferentially attach to stiffer regions of the pattern and, for ASCs and C2C12 myoblasts, align in the direction of the long axis of the pattern (Fig. 2, top and bottom right). Yet again though, cell patterning was not the result of preferential adhesion as cardiomyocytes were evenly distributed and then migrated onto the stripes (Fig. 3A) . However for less contractile lineages such as neurons [17] , PC12 cells showed no preferential adhesion or migration on either stiffness stripes (Fig. 2 , bottom left), consistent with previous observations that these cells have a less spread, more neural phenotype on softer matrix [38] .
Supplementary data related to this article can be found online at http://dx.doi.org/10.1016/j.biomaterials.2012.06.057.
While pattern fidelity appears to be robust for contractile cell types, it is not clear to what extent mechanical patterning may improve cell patterning versus more commonly used microcontract printing (mCP) methods. Using the same pattern, fibronectin was printed onto 10 kPa hydrogels that lacked the mechanical pattern, and its localization was confirmed immunofluorescently (Fig. 4,   left) . ASCs seeded onto the mCP pattern initially recognized and attached to pattern, but cells failed to remain on the pattern over time when cultured in serum-containing media (Fig. 4, right) . It should be noted that local cell density when pattern recognition became compromised for the mCP pattern was significantly lower than for mechanically-patterned hydrogel (see Figs. 2 and 3 versus Fig. 4) . Fig. 4 . ASC on fibronectin-microcontact printing. mCP was confirmed by anti-fibronectin staining (right). ASCs recognized pattern initially at day 1 and proliferated and aligned on pattern at day 3, however, pattern was failed from day 5 and cells attached on both printed and non-printed area.
Improved cell maturation on mechanically patterned matrix
Primary isolated chicken cardiomyocytes were plated onto neurogenic-myogenic mechanically-patterned hydrogel to determine if the pattern would enhance cell alignment and improve cytoskeletal organization. As a result of mechanical pattern of substrate underneath the cells by day 10, cardiomyocytes were aligned along the long axis of stripes and that allowed cellecell adhesion with alignment; striations were also well aligned along the stripes, with mature striation length of 1.88 AE 0.15 mm found in almost all cells, better than previous reports using unpatterned myocytes [15] . Myofibroblasts (red actin staining only) were also observed by always at the cardiomyocyte periphery (Fig. 3B) .
Though relatively mature cardiac cells may reassemble their cytoskeleton on these patterns, it was not clear if undifferentiated stem cells can undergo the same process via lineage specification. Adult stem cells typically undergo a morphology change early in the differentiation process [17] , so we first assessed whether cell morphology on mechanically-patterned hydrogels versus stiffnessmatched controls was altered. ASCs on mechanically-patterned hydrogel were more elongated with a spindle shape versus cells on unpatterned stiffness-matched hydrogels regardless of culture time (Fig. 5C ). Since morphology is only an early and indirect indicator of phenotypic changes, ASC myogenesis was evaluated on neurogenic-myogenic mechanically-patterned hydrogel versus control C2C12 myoblasts. Again both cell types preferentially adhered on stiffer, myogenic stripes at day 1 (Fig. 5A, left) . C2C12 myoblasts showed long, fused myotubes at day 7 expressing myoD and skeletal fast myosin (Fig. 5A, right) . Myoblast fusion was independent of pattern geometry as fused, desmin positive myotubes could be observed on larger patterns, though alignment was less robust at larger pattern spacing (Supplemental Fig. 3 ). ASCs also underwent myogenesis, expressing MyoD by day 7 (Fig. 5A,  right) , despite myotube formation not being as apparent when observed in brightfield (Fig. 5A ). Careful inspection with cytoskeletal proteins, however, indicated that ASCs on stripes of myogenic stiffness did in fact form fused, multi-nucleated cells that were negative for the proliferation marker Ki67 (Fig. 5B) , consistent with previous reports on unpatterned, myogenic matrix [7] . However with the enhanced alignment of cells on patterned versus unpatterned, especially at day 7 (Fig. 5D) , we noted that the fusion rate on mechanically-patterned hydrogel was almost twice (3.8 AE 0.3%) as the rate on unpatterned 10 kPa gels (2.0 AE 0.3%) (Fig. 5E, top) . Only binucleated myotubes were previously observed from matrixstiffness induced differentiation, but with the enhanced alignment from mechanically-patterned hydrogel, ASC-derived myotubes with more than 3 nuclei were observed (Fig. 5E, bottom) .
Discussion
Our ability to regulate cell fate via matrix chemistry and/or mechanics has been well documented [3, 4, 13, 14, 21] , and while stem cell hapto- [10] and durotaxis [11] has been observed via gradients, the effects of precisely patterned matrix on stem cell behavior has not been completely explored. Such precise patterns are commonly found in vivo, e.g. skeletal muscle contains layers of aligned myotubes [15, 17, 22] juxtaposed with regions where softer neurons innervate the firm muscle [23] ; thus our objective was to develop a hydrogel platform that mimicked in vivo ECM stiffness of normal muscle to examine stiffness-based micropatterning's influence on stem cell fate. Relative to mCP patterns, myogenic stiffness patterns remain robust over time and produce cultures of aligned stem cells that fuse at higher rates and with greater numbers of fusing cells than unpatterned matrices. These data implicate matrix-based patterns as means of enhancing ECM-based cell cues, but closer examination of these data is warranted in the broader context of ECM and micropatterning.
Matrix considerations when micropatterning
While the fidelity of longer-term mCP patterns on compliant hydrogels may by difficult, mechanically-patterned hydrogels also have a unique set of considerations that must be overcome. For example, differential swelling has been reported in microfabricated hydrogels but can be minimized when using substrates with high crosslinker content [36] ; here we report the same observation where mechanically-patterned hydrogels can be fabricated with minimal differential swelling, i.e. <2 mm, and with minimal roughness difference, i.e. <200 nm, between soft and firm regions when the crosslinker fraction is higher than previously used [11] . The 2-step soft lithography process used in creating the mechanically-patterned hydrogel also makes predicting hydrogel stiffness inherently difficult due to layer diffusion during polymerization. In hydrogels with wider spaced stripes, e.g. the 500 to 100 mm stripe width mechanically-patterned hydrogel, and/or when sequentially polymerized within a single layer [18] , stiffness changes from monolayer hydrogels were less appreciable; the amount of monomer and crosslinker from the large second layer was not significantly depleted. Yet with sequentially polymerized small stripes of equal spacing, significant deviations from monolayer hydrogels [11] were evident as depletion may cause noticeable loss of monomer from the second layer. As a result, small changes in monomer, e.g. 4% (bottom) versus 3.2% (top), produce regions with an order of magnitude difference in stiffness. Materials that lack mixing issues, e.g. polydimethylsiloxane (PDMS), may have a more predictable but often limited stiffness range when creating spatial stiffness patterns [39] . However all of these materials appear to have similar ligand binding independent of stiffness, as was observed here with similar cell densities on fibronectin-and type I collagen-coated substrates.
Aside from other materials, stiffness gradients have been created using photoinitiators and masks [11, 40, 41] , but significant diffusion and UV diffraction prohibited the sharp stiffness gradient present at the stripe interface of mechanically-patterned hydrogels, e.g. >200 kPa/mm; only chemical initiators could create such transitions. Another common method used to create molds similar to the photoresist mold here is to etch the pattern into a glass substrate. However deep etching with hydrofluoric acid may patterned hydrogel were significantly greater than those on unpatterned 10 kPa PA hydrogels at both day 3 and 7. (D) To show the alignment of ASCs on gels, cell angle was measured by phalloidin staining (90 ¼ perfectly aligned on mechanically-patterned hydrogel). ASCs on mechanically-patterned hydrogel showed higher level of alignment that those on unpatterned 10 kPa PA hydrogels at day 7. (E) A higher fusion rate was observed on the mechanically-patterned hydrogel compared to unpatterned 10 kPa PA gels (top) [7] . The number of nuclei per mechanically-patterned hydrogel or unpatterned hydrogel myotube was also quantified (bottom). The inset image shows characteristic multi-nucleated myotube in phase contrast. Light and dark gray regions in the schematic next to or on top of each image represent soft (1 kPa) and stiff (10 kPa) regions, respectively. *p < 0.05 for all indicated comparisons. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) compromise pattern sidewalls [15] , thus obtaining sharp feature transitions in the resulting hydrogel cast from the mold is likely to be difficult. On the other hand once the mold is fabricated, the 2-step polymerization method used to make mechanically-patterned hydrogels can be performed rapidly and within almost any setting, aside from tuning the acrylamide concentrations appropriately for the desired stiffness.
Improving cell fate and mimicking disease
Mechanical patterns encouraged ASC elongation and alignment, perhaps in part by directing how cell tractions, which are required for fusion [7] , propagated through the matrix to align myoblasts [15, 24] . The end-to-end cell orientation likely increased the probability of M-and N-cadherin contact between cells, which is required for fusion and is regulated by RhoA [26] . It has been suggested that other fusion related proteins have contractility-dependent expression, including the Rho-GTPase-activating protein (GRAF1) [42] and myoferlin [43] . Though they do not fuse, striation assembly in cardiomyocytes is also directly regulated by N-cadherin-containing structures [44] , whose disruption or misalignment in an unpatterned matrix could impair assembly. Further molecular evidence supporting mechanically-patterned hydrogel mechanism is that loss of talin, which itself is a mechano-sensor [45] , impairs both myoblast fusion and sarcomere assembly [46] .
Mechanical patterns do not just encourage alignment, they can be used to mimic the diseased niche. Muscle related diseases, while they increase global tissue stiffness, have shown dramatic changes in local ECM stiffness from the fibrosis that they induce [15, 47, 48] . A myogenic-osteogenic mechanically-patterned hydrogel mimics the stiffer, fibrotic but heterogenous environment of dystrophic muscle [15] . Prior to in vivo studies with injected stem cells, sequentially culturing muscle and ASCs on a mechanically-patterned hydrogel could allow one to examine how ASCs might behave in the diseased state in vivo. Mechanically-patterned hydrogel may also be suitable for studies examining mechanisms behind impaired fusion with fibrotic muscle diseases. For example, it is not certain if the traction-mediated M-cadherin expression mentioned above, which likely becomes altered in the diseased state, is responsible for Mcadherin's down-and up-regulation in caveolin-3 transgenic and null cells, respectively [49] . Taken together, mechanicallypatterned hydrogel is likely a suitable platform to pose a variety of muscle function questions.
Differential cell sorting for organoid culture
Differential adhesion did not occur on mechanically-patterned hydrogels, though it has been reported on other durotactic substrates [39] . However all of these substrates take advantage of the well-established observation that contractile cells exhibit a "normal" phenotype on stiffer substrates [15, 28, 29, 50] . The lack of differential adhesion here can simply be explained by our durotactic observation with C2C12 myoblasts or from the accumulation of cells treated with mitomycin C in stiffer regions of a gradient hydrogel [11] . Yet mechanically-patterned hydrogel can also use cells which prefer softer niches, e.g. neurons [38] , to pattern cells of different stiffness preference. On the other hand, Tien and coworkers have used mCP to pattern different ligands where a stamp is used to selectively block protein adsorption when the substrate is bathed in a ligand [51] . While they used the stamp to also selectively place cells on their patterns, two model cell lines expressing specific integrin heterodimers may recognize a differential ligand pattern and sort themselves once plated onto the substrate; such behavior in stem cells, which undergo stiffnessmediated differentiation only on certain ligands [9] , is not likely.
Yet differential sorting does occur during development [20] , and these substrates may serve as a strategy to recapitulate that process in vitro and build cultures where neurons and muscle cells can be juxtaposed to encourage intercellular signaling.
Conclusions
We have demonstrated here that mechanically patterned cell culture substrates, which mimic some of the spatial parameters of ECM in vivo, can be used to orient muscle and stem cells into favorable positions for cell fusion and striation assembly, not by preferential adhesion but rather by their ability to durotax to a prefer set of environmental conditions. Opposing this behavior are cells such as neurons, which prefer a softer niche, and these data support the development of cultures where muscle and neuron are juxtaposed with each other to form nascent junctions. Longer-term patterning required for these observations was not possible via conventional mCP on compliant hydrogels, which suggests mechanically-patterned hydrogel as an alternative when substrate stiffness is a concern for patterned cells. Mechanicallypatterned hydrogel may also serve as a potential platform in which to study mechanically induced cell behaviors in diseased muscle, which may have juxtaposed regions of firm and stiff tissue, e.g. the myogenic-osteogenic mechanically-patterned hydrogel. These data support the importance of physiologically relevant mechanical guidance cues that matrix presents to cells in regulating higher order cell functions, e.g. striation and fusion.
